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Summary 
 
This report describes the influence of a plasma needle on substrates with respect to 
wettability properties, the attachment and detachment of biofilms. The plasma needle is a 
medical device jointly developed by the Departments of Biomedical Engineering, Applied 
Physics and Mechanical Engineering at the Eindhoven University of Technology. 
 
One of the most promising capabilities of the plasma needle is the treatment of material 
surfaces to modify their bacterial adhesion properties. The device has a non-thermal effect 
and is therefore suited to both organic (bone, tissue) and inorganic surfaces (polymers, 
metals). In this study, the possibilities of promoting attachment of bacteria and removing 
already-present microbes are examined. The surface modification has a number of 
applications, including selective culturing of bacteria and cells, increasing the biocompatibility 
of implants, making surgery tools more resistive to bacteria and most notably the preventive 
and surgical treatment of caries. 
 
A number of experiments have been performed to ascertain the effect of plasma needle 
treatment on surface properties, which are important in biomedical applications. 
 
In the first experiment, several samples of different materials were plasma-treated and the 
effect on the wettability of these samples was studied. The wettability of a surface is an 
important parameter for both industrial and medical applications. It quantifies how a liquid will 
spread on a solid surface: if a liquid drop spreads over a surface, the surface is called 
hydrophilic, while a surface on which a drop stays spherical is called hydrophobic.  
In the experiments, the wettability of Perspex, polystyrene, brass and stainless steel was 
determined before and after treatment. Plasma treatment significantly increased the 
wettability of all material surfaces. Bacteria are very particular about the surfaces they adhere 
to and the wettability of the surface plays an important role in their preference. In this light, the 
effect of the plasma needle is interesting. There also appeared to be a logarithmic correlation 
between the energy absorbed by the substrate from the needle’s discharge and the attained 
wettability, indicating that there is a limit to the degree of wettability that can be produced. 
Plasma treatment also has a distinct area of effect, which depends on the material that is 
under treatment. On Perspex, stainless steel and polystyrene, this area had a radius of 
approximately 10 mm, while brass showed a radius of 14 mm. Finally, the persistence of the 
wettability change that was created with the needle was examined for Perspex and 
polystyrene. On the former material, a temporary change was attained, while on the latter the 
surface was turned hydrophilic permanently. In this report, a possible explanation for this 
effect is presented. 
 
The next set of experiments was about the effect of plasma treatment on bacterial adhesion. 
This effect was measured by comparing the growth rates of Escherichia coli and 
Streptococcus mutans bacteria that were cultured on both plasma- and non-treated surfaces. 
Results indicated that plasma treatment accelerated the growth of E. coli, possibly by 
promoting adhesion, while the growth of S. mutans was decelerated. Therefore, it is likely that 
the result of treatment is species-specific. 
 
Finally, a number of experiments were performed to investigate the possibility of detaching 
already-present bacteria from surfaces by treating the organisms with the plasma needle. 
Unfortunately, no detaching could be detected. Although the reasons for this lack of effect 
remain unknown, some possible causes were highlighted. It is recommended to perform 
further research on this topic.  
 
In summary, it can be said that the examined effects of plasma surface treatment give rise to 
interesting possibilities in the biomedical field. The results presented in this report will 
hopefully contribute to a better understanding of the plasma needle’s capabilities for this 
purpose. 
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Introduction 
 
This report describes the influence of a plasma needle on substrates with respect to 
wettability properties, the attachment and detachment of biofilms. The plasma needle is a 
medical device jointly developed by the Departments of Biomedical Engineering, Applied 
Physics and Mechanical Engineering at the Eindhoven University of Technology. 
 
The device has a wide range of capabilities: one of the most promising prospects is the 
surface treatment of heat-sensitive substrate materials such as tissue, bone or polymers to 
modify their bacterial adhesion properties. This modification has a number of possible 
applications, both in promoting attachment and removing of biofilms, most notably: improving 
oral hygiene, making surgery tools more resistant to the attachment of bacteria, increasing 
the storage life of food, selective culturing of bacteria and cells and making implants more 
biocompatible. In this report, the possibility of surface modifications using a plasma needle is 
under study, with particular focus on dental applications. 
 
First, a short description of the concept wettability will be given. This is one of the most 
important surface properties of substrates and is of great importance in interactions with 
organic material. Then, the main mechanisms of bacterial adhesion will be introduced. 
Thereafter, it will be explained what a plasma is and how it is used in a plasma needle. 
 
To find out if surface modifications can be created with a plasma needle and to what extent, 
several experiments will be carried out. These are the following: 
 

• The influence of plasma treatment on the wettability of surfaces will be examined. 
Furthermore, the active area of the plasma treatment is quantified and it will be 
determined if the surface modification is of a temporary or permanent nature. 
 

• The growth rate of biofilms that are cultured on plasma-treated substrates will be 
determined and compared with non-treated surfaces. This experiment will yield a 
more direct measure of the influence of plasma on bacterial adhesion. 
 

• The possibility of detaching already present biofilms by subjecting them to plasma 
treatment is investigated. With this experiment, the feasibility of using a plasma 
needle in dental applications can be judged more easily. 

 
After this, the results of the experiments will be discussed and interpreted. Finally, a number 
of conclusions will be drawn about the use of a plasma needle for biomedical surface 
modifications. 
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Chapter 1: Theoretical background 
 
1.1: Substrate wettability  
 
One of the most important surface properties for biomedical applications is wettability. It is 
defined as the ability of a solid surface to be wetted when in contact with a liquid, so that the 
liquid spreads over the surface of the solid. The wettability is characterised by the angle 
between the interface of the droplet and the solid surface (see figure 1), the so-called contact 
angle Θ. When 0 < Θ < 90°, the surface is called hydrophilic or wettable, if 
90 < Θ < 180°, it is called hydrophobic or non-wettable. 
 

 
Figure 1: Definition of the contact angle Θ 

Left: hydrophilic surface, right: hydrophobic surface 

 
When a small liquid drop is deposited on a solid in open air like in the situations above, three 
interfaces play a role, and three interfacial tensions are involved [1]. These are the solid-
liquid, solid-gas and liquid-gas interfacial tensions (see figure 2), respectively:  

slγ , γ , . sv lvγ
 

 
Figure 2: Young's force balance 

 
These tensions can be related to the wettability, or more specifically to the contact angle, with 
Young’s law: 

lv

slsv

γ
γγ

θ
−

=cos  (1.1) 

 
The interfacial tensions can be also considered as forces per unit length of the triple line 
which forms where the three phases meet. The form of the liquid drop is determined by the 
spreading parameter S, which is related to the three interfacial tensions in the following way: 
 

)( lvslsvS γγγ +−=  (1.2) 
 
In other words, S represents the free surface energy difference between a dry solid in direct 
contact with vapour and a solid covered by a flat liquid layer. For S > 0, the surface shows 
highly hydrophilic behaviour and the drop covers the solid surface. For S < 0, the surface 
shows moderately hydrophilic behaviour (partial wetting) similar to the droplet in figure 2. 
 
Above, the concept of wettability was explained on the macroscopic level, but it is also 
possible to consider it on a microscopic level. When the upper atomic layers of a surface 
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contain many polar groups, or atoms that can form hydrogen or other bonds with liquids such 
as water, drop particles will be attracted to the surface and form a flat liquid film. If however 
the surface is made up mainly of hydrocarbons, the drop molecules will be repelled and the 
droplets keep their circular shape. 
 
The wettability of a surface is experimentally determined by measuring the contact angle of 
water droplets on a material’s surface. Several factors can distort the result of such an 
experiment however and lead to an erroneous value for the degree of wettability: 
 

• Surface contamination: 
It is difficult to prevent contamination of a surface, as dust and debris are omni-
present in our environment. Additionally, finger grease or cleaning fluid can 
significantly influence a measurement (variations of more than 20° are no exception); 
one will measure the contact angle of grease with water if one is not careful.  
To counter these effects, it is very important to thoroughly clean and dry a surface 
before attempting to measure the contact angle. 

 
• Drop volume: 

From scientific research [2], it is known that the contact angle is dependent on the 
volume of the droplet with larger volumes leading to larger angles. For a variation of 
the droplet radius from 1 to 4 mm, a change in contact angle of up to 5° can be 
detected. Therefore, it is imperative to keep the droplet volume within a tight tolerance 
to be able to fairly compare result data. 

 
• Evaporation: 

During measurement, time passes and depending on temperature and environmental 
conditions the liquid drop will slowly evaporate. The volume of the drop changes. 
As was described above, volume fluctuations will influence the measured contact 
angle. Usually, the evaporation rates are roughly 0.1 µl/min and can be neglected for 
normal measurements. 

 
• Surface roughness: 

The contact angle is influenced by the quality of the surface, especially by the 
roughness. For roughness values below 0.1 µm no influence was found. However for 
larger values, both increases and decreases in contact angle are possible. It is 
usually best to use materials of good quality with a smooth surface and no surface 
irregularities or damage. 

 
With a careful design of the experimental procedure, the effects of the above-mentioned 
influences can be minimized. 
 
1.2: Bacterial adhesion and growth  
 
In the introduction of this report, it was mentioned that one of the uses of a plasma needle is 
the modification of the bacterial adhesion properties of surfaces. To gain a better 
understanding of this subject, the main mechanisms of bacterial adhesion and factors that 
influence it will now be discussed. 
 
The adhesion of bacteria to surfaces, also called bioadhesion or microbial adhesion, is a 
complicated process. It is influenced by a range of factors, including the characteristics of the 
bacteria, the characteristics of the surface material involved and the properties of the 
environment between these two parts [3]. At present, the details behind the process are not 
fully understood; the main mechanisms [4] of bacterial adhesion have been discovered 
however and will be briefly introduced below. 
 
The adhesion of a bacterium to a surface consists of four phases. In figure 3 (adapted from 
[4]), these phases are shown schematically. 
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Figure 3: Four phases of bacterial adhesion 

 
First phase – random transport: 
The first stage begins when a bacterium approaches a surface either transported there by a 
flow of the medium in which the bacterium is present, by Brownian motion (diffusive passive 
transport through random molecular bombardment of the bacterium by the molecules of the 
medium), or active bacterial movement (using fimbria, pili or other appendages). 
 
Second phase – initial adhesion: 
When the bacterium is close enough to the surface (50 nm or less), it begins to interact with 
the surface by means of long-range van der Waals (attractive) and electrostatic (repulsive) 
forces. The van der Waals forces are generated because of dipole interactions between 
surface and bacterium caused by imperfections in charge distributions. The electrostatic 
forces occur because both the bacterium and surface layer of the substrate are in almost all 
cases negatively charged. According to the famous DLVO theory, the summation of these two 
kinds of forces determines the total interaction, the Gibbs energy. 
 
This total interaction in general has three extreme energy values: a secondary minimum 
(5-20 nm from the surface) that represents a reversible adhesion, a maximum (2-5 nm from 
the surface) that acts as an energy barrier to adhesion and finally a primary minimum (< 2 nm 
from the surface) where the adhesion is irreversible. In most cases, the secondary minimum 
is not very deep and the bacterium can still be removed by shear forces from medium flow, 
Brownian motion or by its own movement. The maximum functions as a barrier against 
adhesion, but a fraction of the bacteria may have enough thermal energy to conquer this 
barrier. Additionally, the bacterium can use its appendages to bridge the repulsive forces. 
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When the bacterium is within 1-2 nm of the surface, the primary minimum is reached. Short-
range forces, such as hydrogen bonding, ion pair formation etc., are now the most important 
in adhesion. The bacterium cannot be removed unless by a strong shear force. 
 
Third phase – attachment: 
From the moment the bacterium comes into direct contact with the surface, hydrophobic 
interactions become important and covalent, ionic and hydrogen bonds are established. 
These connections are species-specific and are facilitated by the bacterium’s so-called 
adhesins. These adhesins are extracellular components of the bacterium that fit to 
corresponding receptors on the surface. These receptors, sometimes called pellicles, are 
protein-based and are omni-present in our environment. All substrates are quickly coated with 
them by nature, even immediately after thorough cleaning. 
 
Fourth phase – colonization: 
The organisms that are attached to the surface grow, divide and steadily become more 
numerous. Additionally, bacteria can bind to each other (co-aggregation) and with nutrients, 
rapidly creating a layer of organisms, nutrients and debris called a biofilm. 
 
There are many factors that influence microbial adhesion, including surface roughness, 
wettability (surface free energy), surface condition and the presence of a conditioning layer at 
the surface. Below, these factors are elaborated: 
 

• Surface roughness: 
In the section above, it was mentioned that flow of the medium facilitates movement 
of bacteria to surfaces. However, shear forces of the flow can also remove organisms 
from the substrate. Rough surfaces and surface irregularities protect bacteria from 
these forces and thus make permanent adhesion more likely. Therefore, rough 
surfaces promote bacterial adhesion. The opposite is true about smooth surfaces. 
Since the organisms are not sheltered from shear, they are easily detached. 

 
• Surface wettability: 

A surface that has a low surface free energy is called hydrophobic, whereas a surface 
with high surface free energy is called hydrophilic.  From literature [4], it is known that, 
generally, bacteria with hydrophobic properties prefer to adhere to materials with 
hydrophobic surfaces. Those with hydrophilic characteristics prefer hydrophilic 
surfaces. This preference is shown by a significant increase in the number of adhered 
bacteria. 

 
• Surface condition: 

No surface is perfect. Especially at the outer atomic layers of substrates and at grain 
boundaries, high energy binding sites and dangling bonds are available. Normally, 
inside the bulk of a substrate, atoms have their bond capacity filled.  
Atoms at the surface, however, have fewer neighbours. This leads to unused, or 
‘dangling’ bonds. These sites are highly reactive and offer conditions that bacteria 
can exploit. Locations were damage to the surface is apparent, for instance caused 
by wear and corrosion, attract bacteria for the same reason. 

 
• Presence of a conditioning layer: 

Substrates become coated with proteins (i.e. albumin, fibronectin, fibrinogen, laminin, 
collagen) by nature, and this creates a so-called conditioning layer. This layer can 
promote or inhibit bacterial adhesion by altering binding to substrate surfaces or 
binding to bacterial surfaces, depending on the specific types of proteins and their 
concentrations. Additionally, proteins might be present in the flow medium around the 
bacteria and exert these effects. Finally, it is known from literature that substrates that 
are already contaminated with bacteria, increase subsequent adherence of other 
bacteria considerably. 
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One of the main objectives of the research described in this report is to examine the effects of 
a plasma needle on bacterial adhesion properties of substrates. To study these effects, 
bacteria will be cultured on plasma-treated and non-treated substrates and growth rates will 
be compared. 
 
The relation between growth rate and adhesion is still a subject of discussion in microbial 
adhesion literature. According to [5], adhesion to a surface can undoubtedly affect the activity 
of microorganisms, although sometimes in ways that are not readily predictable on current 
knowledge. Changes in growth rate due to adhesion of bacteria were suggested to be mainly 
indirect. This topic will be revisited in the discussion chapter of this report. There it will also be 
explained why the author thinks the growth rate can be used as measure for bacterial 
adhesion in the performed experiments. 
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Chapter 2: The plasma needle setup 
 
2.1: Introduction to gas plasmas 
 
As mentioned in the introduction of this report, the goal of this research is to see if surface 
modifications can be created with a plasma needle. This plasma needle makes use of a 
helium gas plasma. Before explaining how the plasma needle itself works, first a short 
introduction to gas plasmas is given.  
 
A gas plasma can be viewed as the fourth state of matter alongside the other three known 
states: solid, liquid and gas. If you continue the line of increasing free energy of particles in 
every state beyond the gas phase, you will arrive at the plasma phase. Plasmas are very 
common around us, both natural (sun, stars, lightning) and artificial (TL-light tubes, plasma 
display screens). 
 
A gas plasma, or plasma for short, is essentially an ionised gas and consists of two classes of 
particles. The first class is the ionized particles, such as positively and negatively charged 
ions and electrons. The second class of particles is the neutrals. They consist of atoms, 
molecules and molecules or atoms with unpaired electrons, so-called radicals. A number of 
particles from both classes can be in an excited state. This means they have internal energy, 
which they lack when they are in their normal ground state. Through collisions or by 
spontaneous emission of a (UV) photon, these excited particles can lose their internal energy 
and return to their ground state. 
 
Because of the excited states, charge and/or unpaired electrons of these active species, they 
are highly chemically reactive. This reactivity offers the possibility of a multitude of interesting 
applications. The reactive species can be channelled to bombard a surface, for example, to 
obtain all kinds of surface modifications.  
 
Gas plasmas can be divided into several categories, depending on the gas temperature and 
the operating gas pressure. When the temperature of the heavier particles (atoms, molecules) 
in a plasma is around room temperature, the plasma is called non-thermal. Although the 
temperature of the electrons can be as high as several thousands of degrees Celsius in a 
non-thermal plasma, this is hardly noticeable on touch due to the relatively low mass of 
electrons when compared to atoms and molecules. When a plasma is in full contact with open 
air, it is said to be at atmospheric pressure. In the case of the plasma needle, the plasma is 
non-thermal and at atmospheric pressure. At this moment, a number of plasma devices 
whose plasma belongs to this class have been developed around the world for medical 
purposes, such as sterilization [6], [7]. 
 
In order to have a stable plasma, the concentration of the energetic species must remain 
constant. However, these energetic particles lose their energy by emitting photons and 
collisions with other particles or surfaces. To create and sustain a plasma, it is therefore 
necessary to supply energy to the plasma to balance these losses and prevent the discharge 
from extinguishing. Sustaining a plasma is done by subjecting the gas to an external DC or 
AC electric field. This electric field will also accelerate the low mass, charged particles 
(electrons) in a plasma. Because of collisions, ultimately, this movement will be adapted by 
higher mass particles (ions, atoms, molecules) as well. The location where the active particles 
are generated by an electric field is called the discharge. 
 
 
2.2: The plasma needle set-up 
 
Now that some basic understanding of gas plasmas has been developed, we can investigate 
the characteristics of a plasma needle. 
 
A plasma needle (figure 4) is a portable medical device consisting of a tungsten wire (0.3 mm 
diameter) with a sharp tip that is surrounded by a hollow Perspex tube (4 mm diameter). 
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Through the tube and around the wire, a helium-gas flow is directed with a flow rate of 2 l/min 
by a mass flow controller. In figure 5, a schematic of the set-up is shown. 
 
 

 
Figure 4:  Plasma needle. Left: plasma discharge at needle tip, 

middle: photo of the needle, right: schematic view of the needle. 

 
To generate and sustain the helium plasma, a radio frequency (RF: 1-100 MHz; set-up: 13.05 
MHz) excitation voltage is used. This voltage is produced by a waveform generator, amplified 
by a RF amplifier and then applied to the wire. The plasma needle is positioned vertically 
above a substrate and this substrate is treated with the plasma discharge particles. The 
distance between the tip of the plasma needle and the substrate is controlled with a lifting 
platform. This distance is measured with sliding callipers. 
 

 
Figure 5: Schematic view of the experimental set-up 

 
An electronic matching network is used to control the power dissipation in the plasma. To 
measure the power dissipation, a power meter is used. 
  
In the above-mentioned set-up, the supplied power is not only dissipated in the plasma, but 
also in the matching network, the electrical circuit and plasma needle. To calculate the power 
that is solely dissipated in the plasma and projected on the substrate, the following formula [8] 
was used: 
 

offreflfwdonreflfwdplasma PPPPP )()( −−−=  (2.1) 
 
In this formula, the subscript ‘on’ denotes power measurements when the helium flow is 
turned on. The subscript ‘off’ describes measurements were the helium flow is terminated, 
while the electrical circuit is left live.  
 
Pplasma: the power dissipated solely in the plasma. 
Pfwd: the forwarded power that is transferred into the plasma. 
Prefl: the reflected power that remains after use in plasma generation. 
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These power measurements are performed extensively in the experiments that are described 
in this report. Before each series of measurements, the power meter is calibrated using 
reference signals from the meter itself to assure that the power readings are accurate. 
 
With the description of the plasma needle and its set-up, now the influence of the plasma 
needle on substrates can be examined. In the next chapter, the detection of plasma influence 
on substrates will be described and the relation with bacterial adhesion and biofilm 
detachment will be examined. 
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Chapter 3: Experiments 
 
In this chapter, the experimental procedures that were used to quantify the influence of a 
plasma needle on wettability, bacterial attachment and detachment from substrates will be 
described. To get a good insight into the impact of plasma treatment on surface properties, a 
general approach has been chosen. Not merely heat-sensitive materials were studied. Both 
polymers and also metal substrates have been used during the experiments. In chapter 4, all 
experimental results will be presented and interpreted.  
 
3.1: The influence of a plasma needle on substrate wettability 
 
3.1.1: Contact angle measurements 
 
As described previously in chapter 1, one important parameter that determines the bacterial 
adhesion to surfaces is the substrate wettability. In order to investigate the effect of a plasma 
needle on this property, several experiments have been performed with different materials.  
 
The plasma needle set-up that was presented earlier in chapter 2 has been used for 
wettability measurements. Several strips of different materials (Perspex, polystyrene, 
stainless steel and brass) were obtained from the university workshop. Some of these 
materials are heat-sensitive while others are not. For this project, different kinds of materials 
were chosen deliberately to gain as much as possible about plasma interactions with 
surfaces. Other projects might focus more specifically on heat-sensitive substrates, such as 
tissue. The dimensions of the strips are roughly 100 mm in length, 25 mm in width and with a 
thickness of 1 mm. Along the length of the strips, rulers have been drawn to mark the 
longitudinal position. 
 
Step 1: 
Directly before use, the strips are 
thoroughly cleaned with a disposable 
paper cloth drenched in alcohol to 
remove debris, dust and finger grease 
which all can influence the measurement 
result. After this, the strips are allowed to 
dry to make sure all alcohol has 
evaporated. During drying, the surface of 
the strip is protected from the open air by 
an overhanging paper cover to minimize 
the resettling of dust from the 
surrounding air on the substrate’s 
surface but still allow evaporation of the 
alcohol. 
 
When the alcohol has evaporated, the 
substrate strip is placed on a contact 
angle measurement system (Krüss Drop 
Shape Analysis System DSA10/G10, 
figure 6). Using a system-controlled 
micro syringe (working volume: 500 µl),  
a deionised, double-distilled water 
droplet (resistivity: 17.2 MΩcm) is supplied on a predetermined spot halfway along the length 
of the strip. Immediately thereafter, the contact angle measurement will be started, using a 
sessile drop fitting procedure to approximate the contact angle between the water droplet and 
substrate surface. Usually, this kind of measurement will take around 30 seconds per droplet. 
 
In essence the measurement system is an optical device. A schematic of the device is given 
in figure 7. The illumination sends light waves to the camera. Halfway along that trajectory, 
the light must pass through the sample and the water droplet. Because the light refraction 

Figure 6: Krüss Drop Shape Analysis System DSA10/G10 
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index of water is different from that of air, the droplet will appear as a dark silhouette whereas 
the surrounding air will appear as a white background. Depending on the brightness of the 
illumination, the sample strip will show up as a flat surface with a light or dark colour or won’t 
be visible at all. 
 

 
Figure 7: Schematic representation of the measurement system 

 
When using the system, the operator has to define the contact line where the droplet touches 
the substrate. When a measurement is started, the camera will make an digital image. 
Thereafter, the system’s computer will fit a circular profile on the silhouette of the droplet (see 
figure 8). Using the contact line, the system can determine where the droplet meets the 
substract, approximate a tangent line and calculate the contact angle. 
 

 
Figure 8: Sessile Drop Fitting procedure 

 
The advantage of this contact angle measurement system is the reproducibility of the droplet 
volume and the good measurement accuracy of 0.1°. The disadvantage of the system is that 
small contact angles (below 20°: very hydrophilic surfaces) cannot be measured accurately. 
Although care was taken to reduce distortion of the contact angle values by grease, debris 
and surface irregularities, it is expected that errors in contact angle can rise up to 5°. 
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Step 2: 
After the previous step, the droplet is removed and the sample strip is cleaned again using 
the previously discussed method. The sample is transported to the plasma needle setup 
inside a synthetic Petri dish to prevent airborne dust from settling and distorting measurement 
results. Care must be taken to make sure that the sample is never in direct contact with the 
dish in the neighbourhood of the treatment spot. This is because direct contact could cause 
the reactive particles that were deposited by the plasma to be absorbed by the Petri dish. In 
doing so, the contact angle could have been dramatically changed, leading to incorrect 
conclusions regarding the substrate wettability. 
 
For treatment, a strip will first be placed on the lifting platform and subsequently positioned 
directly below the tip of a plasma needle. The treatment spot (see figure 9) is chosen 
approximately halfway along the length of the strip. Subsequently, the vertical distance 
between sample and plasma needle tip is adjusted to 1 mm. Finally, the plasma needle is 
activated and the sample is treated with plasma. Successive experiments have been 
performed using several different power settings, by changing the amplitude of the excitation 
voltage (180 mV, 200 mV). Also the duration of treatment was varied (30 s, 60 s), to obtain a 
good overview of the parameters that determine the effect of plasma on substrate wettability. 
 

 
Figure 9: Treatment set-up and terminology 

 
After plasma treatment, the contact angle at the treatment spot was measured again to see if 
a change in wettability had occurred.  
 
Step 3: 
In some cases, the sample strip was cleaned again and submitted to a last wettability 
measurement to see if the plasma treatment’s effect were temporary or had a persistent 
character. 
 
3.1.2: Area of reach measurements 
 
For precise surface treatments, whether using living tissue or inert substrates, not only the 
local effect of a plasma needle is of importance but also the effects in the neighbourhood 
surrounding the treatment spot on the substrate. In other words, the question to be answered 
is: how far away from the treatment spot are effects still detectable? This leads to the 
definition of the so-called area of reach of a plasma. The area of reach of a plasma is defined 
as the radial distance on a substrate where the plasma effect is just measurable. 
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To given an answer to this question, the above-mentioned contact angle measurement 
strategy was used again. The difference now is that instead of one contact angle 
measurement per step, multiple contact angle measurements were carried out along the 
length of the sample (figure 9) to generate a contact-angle versus longitudinal position graph. 
For accurate positioning of the water droplets, the rulers were used. 
 
3.1.3: Persistency measurements 
 
For plasma applications, it is not only interesting to know if a modification of a surface can be 
performed, but also whether a modification is temporary or persistent. This topic will be 
addressed with step 3 of the experimental procedure for contact angle measurements. 
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3.2: The influence of a plasma needle on bacterial adhesion 
 
One of the most interesting questions in this report is whether the helium plasma that is 
produced by a plasma needle influences bacterial attachment, also called bacterial adhesion 
or bioadhesion.  
 
Two different kinds of bacteria were used in this experiment. Escherichia coli are one of the 
most commonly used bacteria in microbiology, because of their growth rate and ease of 
culturing. This makes this species ideal for experimental use. Streptococcus mutans are 
bacteria that contribute to dental plaque and are heavily used in research that is associated 
with this report. Therefore, the response of S. mutans was also of interest. 
 
Below, the experimental procedure to investigate the influence of plasma needle treatment on 
bioadhesion is described. 
 
3.2.1: Adhesion of Escherichia coli 
 
The basic setup of this experiment is that polystyrene culturing wells plates are treated with 
the plasma needle. Thereafter, bacteria are pipetted in these wells and allowed to grow.  
After a period of time, the difference in bacterial growth in treated and untreated wells will be 
compared. The following steps were performed: 
 
Step 1: 
First, an overnight culture of Escherichia coli bacteria is prepared by inoculating 4 ml of Luria 
Broth (LB) medium from a glycerol stock (Escherichia coli Novablue competent cells, 
Novagen). This medium consists of pepton (10 g/l), yeast extract (5 g/l), sodium chloride (10 
g/l) and demineralised water (fill up to 1 l). The bacteria are allowed to incubate during 16 h 
with vigorous shaking at 250 rpm and a temperature of 37°C. Thereafter, the mixture is 
vortexed and 1 ml of the suspension is re-suspended in 30 ml of fresh LB-medium. This 
diluted substance is shaken for another 2 h at 250 rpm and 37°C. The optical density of the 
substance is measured at a wavelength of 600 nm with an optical density reader (Genesys 10 
UV, Thermo Spectronic reader) and should be approximately 0.5 before proceeding further. 
The culture is now at the beginning of the log-growing phase and ready for use. 
 
Step 2: 
In this step, a polystyrene 96-wells plate (NunclonTM ∆ Surface, NalgeNunc International) is 
prepared for later culturing of the E. coli bacteria. Five series (1 blank row and 4 sample rows) 
of wells are treated with the plasma needle (see figure 10). Every time, a distance of 1 mm 
from the bottom of the well to the needle tip is set and a treatment time of 60 seconds is used. 
Each series is treated with a different dissipated power by changing the amplitude of the 
excitation voltage. The only exception is that the dissipated power of the blank row is kept 
equal to that in sample row 1. 

 
Figure 10: Wellsplate layout (number of wells is illustrative) 

Step 3: 
After the preparation of the wells plate, 100 µl of the E. coli suspension is dispensed over 
every well in the five series which were treated with plasma. Additionally, the blank series of 
wells is filled with blank medium as a quality check of the experiment and to make sure that 
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the medium was not contaminated with bacteria. Finally, bacteria are dispensed over a row of 
wells that was not treated with plasma. This row functions as negative control to be able to 
compare treated with untreated wells with respect to bacterial adhesion. 
 
Step 4: 
Directly after distributing the E. coli bacteria over the wells, the photometric absorption at 650 
nm of the suspensions in the wells is determined with an absorption microplate reader 
(Multiscan Ascent micro plate reader, Thermo Electron Corporation). The absorption is a 
measure of the amount of bacteria in a suspension or biofilm. A large absorption value 
corresponds with a large amount of bacteria and vice versa. After this, the wells plate is 
placed into a stove at 37°C and the bacteria are allowed to incubate. 
 
Step 5: 
Every half hour, the wells plate is retrieved from the stove and the photometric absorption is 
determined again. After measurement, the plate is put back into the stove. This cycle is 
repeated at least four times, so that the change in absorption is measured over a period of 
2 h. This end of the measurement cycle corresponds with the start of the stationary-growth 
phase of the E. coli bacteria.  
 
 
3.2.2: Adhesion of Streptococcus mutans 
 
The procedure of the adhesion experiment of Streptococcus mutans resembles the one that 
was used for Escherichia coli. 
 
Step 1: 
To start, an overnight culture of Streptococcus mutans bacteria is prepared by inoculating 
10 ml of Brain Heart Infusion (BHI) medium from a glycerol stock (Streptococcus mutans 
C180-2, ACTA). The BHI medium consists of brain heart infusion (37 g/l) and demineralised 
water (fill up to 1 l). The bacteria are allowed to incubate during 16 h in a stove at 37°C. After 
this period, the mixture is vortexed and 488 µl of the suspension is re-suspended in 24.4 ml of 
BPS-medium (abbreviation of 5/10 BHI + 50 mM PIPES + 0.2% sucrose). The BPS medium 
consists of brain heart infusion (18.5 g/l), filter sterilized 40% sucrose solution (5 ml/l), 100 
mM PIPES buffer solution (500 ml/l) and demineralised water (495 ml/l). The S. Mutans 
suspension is now ready for use. 
 
Step 2 and 3: 
These steps are similar to the steps taken for E. coli with the only difference that now S. 
mutans is used. 
 
Step 4: 
After distributing the S. mutans bacteria over the wells, the photometric absorption at 650 nm 
of the suspensions in the wells is determined with the absorption microplate reader. 
Thereafter, the wells plate is placed in an anaerobic pan. Because S. mutans grow best in an 
anaerobic atmosphere, anaerobic gaspacks (80% Nitrogen, 10% Carbon Dioxide, 10% 
Hydrogen, Becton, Dickinson and Company) are used to create such an atmosphere inside 
the pan. The pan is then put into the stove at 37°C and the bacteria are allowed to incubate. 
  
Step 5: 
S. mutans grows more slowly than E. coli, therefore the incubation period between 
subsequent absorption measurements is chosen as two hours. In the middle of each 
incubation period, the gaspack is replaced with a new one to replenish a part of the anaerobic 
atmosphere that is lost when the pan is opened. Normally, one would do this directly after 
measuring the absorption. However, because the gaspacks need some time before they 
become fully functional, the middle of each incubation period was chosen. After 
measurement, the plate is put back into the pan and then in the stove. This cycle is repeated 
at least two times, so that the change in absorption is measured over a period of 4 h. 
Preferably, a period of 8 h should be chosen because any effect of plasma on growth will be 
the most apparent then, at the end of the log-growth phase. 
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3.3: The influence of a plasma needle on bacterial detachment 
 
In the last series of experiments, the possibility is investigated of forcing already present 
biofilms to detach by subjecting them to plasma treatment. With the results from these 
experiments, the feasibility of using a plasma needle in dental applications can be judged 
more easily. The parameter that is particularly under study, is the treatment time. Can 
differences be detected when one compares biofilms that were treated for 30 s to other films 
that were treated for 120 s? As the focus in this study is on dental applications, only the 
detachment of Streptococcus mutans biofilms is examined. The following steps were 
performed: 
 
Step 1: 
First of all, an overnight culture of Streptococcus mutans is prepared. This procedure closely 
resembles the one given for the adhesion experiments with S. mutans. A tube of 10 ml of BHI 
medium is inoculated from a S. mutans glycerol stock. Thereafter, the tube is put into the 
stove for 16 h at 37°C. After this period, the mixture is vortexed and 488 µl of the suspension 
is re-suspended in 24.4 ml of BPS-medium to obtain a dilution of one part to 50. Then, a 96-
wells plate is taken from storage and half of the wells on the plate are filled with the mixture, 
100 µl a well. The plate is then transferred into the anaerobic pan and the bacteria incubate in 
the stove for 8 h at 37°C. Subsequently, the BPS medium is refreshed to prevent dehydration 
and starvation of the bacteria. In this action the old medium is gently removed using a pipette 
and fresh medium is added in the same way. Next, the wells plate is put back into the 
anaerobic pan for 16 h at 37°C. Thereafter, the wells plate is ready for plasma treatment. 
 
Step 2: 
After the incubation period, the suspension has been transformed into a biofilm. First of all, 
before plasma treatment, starting values for the photometric absorption at 650 nm must be 
determined with the microplate reader so that any change in values caused by the treatment 
can be found. Then, the plate is taken to the plasma needle setup and three series of wells 
are treated at constant dissipated power and at 2 mm distance between the biofilm and 
needle tip for 30 s, 60 s and 120 s, respectively. Additionally, a negative control series of 
wells is used where wells contain bacteria but are not treated with plasma. 
 
Step 3: 
To determine if detachment of (parts of) the biofilm has occurred, the wells are filled to the rim 
with Buffered Peptone Water (BPW) solution. This solution consists of buffered peptone water 
powder (20 g/l) and demineralised water (fill up to 1 l) and is suitable for washing biofilms and 
removing debris. After the BPW has been added, the plate is put into the microplate reader 
and shaken vigorously for 120 s at 960 rpm to make sure that all debris and detached 
bacteria are floating in the BPW solution. 
 
Step 4: 
The plate is retrieved from the microplate reader and using a pipette the BPW solution and 
dissolved bacteria and debris is removed. Finally, the photometric absorption of the biofilms is 
determined again to see if biofilm has detached by plasma treatment. 
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Chapter 4: Results 
 
In this chapter, an overview of all experimental results will be presented. An interpretation of 
these results can be found in chapter 5. 
 
4.1: The influence of a plasma needle on substrate wettability 
 
4.1.1: Contact angle measurement results 
 
The first results that will be discussed are those from the experiment concerning the influence 
of plasma needle parameters on the wettability of substrates. In table 4.1, an overview is 
given of the average contact angles before plasma treatment on the various substrates. It can 
be seen, that all substrate materials are technically hydrophilic in nature, although they are 
very near to the hydrophobic border. The number of experiments shown in table 4.1 is the 
amount that remained after outliers were removed with statistics. Roughly twice the number of 
experiments shown was performed. 
 

Table 4.1: Contact angle measurement results for different substrates 

Substrate material Number of experiments 
(outliers removed) 

Average contact angle 
before treatment [°] 

Perspex (PMMA) 8 67.4 
Polystyrene 9 87.4 
Stainless steel 7 71.2 
Brass 1 67.5 
 
As described in the paragraph on the experimental set-up, changing the amplitude of the 
plasma excitation voltage (180 mV and 200 mV) varied the dissipated power. This last 
quantity could be computed from the forwarded and reflected powers as shown in chapter 2. 
Additionally, 30 and 60 seconds were chosen as the treatment times. To be able to fairly 
compare the contact angle changes under varying conditions, the concept of energy 
absorption was introduced. It represents the amount of energy that is transferred from the 
helium plasma to the substrate surface by the reactive particles and is defined as follows: 
 

tPE plasma=   (4.1) 
 
with E the energy absorption in Joules, Pplasma the power that is dissipated in the gas plasma 
during treatment in Watt and t the duration of treatment in seconds. 
 
From previous research [9], it is known that at a distance of 1 mm between the substrate and 
needle tip, almost all plasma power is absorbed by the substrate. Therefore the assumption 
that the energy absorbed by the substrate is roughly equal to the amount of energy dissipated 
in the plasma is a valid one. 
 
Table 4.2 shows the average contact angle after plasma treatment. The same number of 
experiments was performed as before. All samples showed a decrease in contact angle and 
hence an increase in wettability. It is obvious from these results that the ease with which each 
material can be made hydrophilic differs. In other words, each material has a different 
response to plasma treatment. 
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Table 4.2:  Wettability change of substrate materials 

Substrate material Average energy 
absorption [J] 

Average contact 
angle after 
treatment [°] 

Average contact 
angle reduction [°] 

Perspex (PMMA) 12.17 38.1 29.3 
Polystyrene 5.82 < 20° 77.0 
Stainless steel 206.70 < 20° 58.9 
Brass 282.06 30.0 37.5 
 
 
The polymers, Perspex and polystyrene, are made more hydrophilic quite easily, even for a 
low energy absorption values. This effect is most pronounced for polystyrene. The metals, on 
the other hand, can be increased in wettability as well, but this also requires a lot more energy 
from the plasma. It was observed during experiments that when using a conductor as 
substrate, the plasma glow was brighter in intensity. It should be noted that the average 
contact angle reductions in table 4.2 for polystyrene and stainless steel are estimates, 
because the measurement system cannot accurately measure angles below 20°. 
 
Perspex and brass were the only materials that had an accurately measurable contact angle 
after plasma treatment. Of both materials only Perspex samples were available in a sufficient 
number. Therefore Perspex will be used to investigate the relation between contact angle 
reduction and energy absorption of the substrate. Results are shown in the table below. 
 

Table 4.3: Contact angle measurement results using Perspex (PMMA) 

Experiment Dissipated 
power [W] 

Duration of 
treatment [s] 

Energy 
absorption [J] 

Contact angle 
reduction [°] 

15 0.157 30 4.71 17.3 
13 0.233 30 6.99 17.1 
12 0.239 30 7.17 13.4 
14 0.257 30 7.71 20.0 
8 0.265 30 7.95 36.4 
7 0.374 30 11.22 33.8 
4 0.327 60 19.62 47.1 
9 0.533 60 31.98 49.6 
 
From the graph (see figure 11) displaying these measurement results, it appears there is a 
correlation between the change in contact angle reduction and the energy absorption. When 
plotting these two variables in a graph on a semi-logarithmic scale (see figure 12), a linear 
relation seems to fit the measurement data. 
 
The results show that an increase in energy absorption (longer treatment time or greater 
dissipated power) leads to a lower contact angle. A strong increase in wettability of the 
substrate can already be achieved for low energy absorption levels. The results show that 
reduction of the contact angle cannot be significantly increased beyond a certain limit value, 
even for exponentially increasing energy absorption levels. 
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Figure 11: Correlation between contact angle and energy absorption (linear scale) 

 

 
Figure 12: Correlation between contact angle and energy absorption (log scale) 
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A plausible explanation for this phenomenon is the fact that after an extended period of 
treatment time, the substrate becomes saturated with reactive particles and the upper surface 
layers of the substrate absorb no additional particles. Hence, the contact angle reduction 
approaches its maximum value. When using a plasma with a high amount of dissipated 
power, this situation is reached sooner. 
 
This observation corresponds with literature. Kogoma et al. [10] used a CF4-O2 plasma on 
several materials, including graphite, polypropylene and polytetrafluoroethylene, and reported 
a similar correlation between contact angle and treatment time, when presumably keeping the 
power constant. The wettability increased rapidly at first and stabilized at a plateau value for 
long treatment times. Larrieu et al. [11] treated polystyrene films with O2, an O2 + N2 mixture 
and N2. The injected energy, the amount of energy that was dissipated in the plasma, was 
kept constant for different treatments. The injected energy is related to the energy absorption 
introduced in this report. They presented several figures with a dimensionless contact angle 
change versus treatment time. These figures show the same general shape as the results 
presented in this report. Although other driving gases and materials were used in the above-
described cases, the given explanation is still valid because of its underlying mechanism. 
 
4.1.2: Area of reach results 
 
Now that the wettability changes for the various substrate materials have been quantified, it is 
interesting to examine how far away from the treatment spot the plasma needle’s effect is still 
noticeable. For this, multiple contact angle measurements were performed along the length of 
the substrate before and after plasma treatment. With the use of markers that were placed on 
the edge of the strip, the measurement positions could be recognized after cleaning with 
alcohol, so that the measurement takes place at exactly the right position. 
 

 
Figure 13: Area of Reach measurement on Perspex 

In figure 13, a representative result of this kind of measurement on Perspex is shown. The 
line with squares depicts the contact angle as function of position before plasma treatment 
(step 1 of the experimental procedure as described in chapter 3.1.1). According to the figure, 
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this contact angle is approximately 77°. This is somewhat higher than the average contact 
angle before treatment given in table 4.1. The red stars indicate where the plasma spot is 
located. The line with the blue stars gives the contact angle after treatment (step 2). There is 
an obvious dip in the contact angle near the plasma spot, with a minimum of 43° at the spot 
itself. Finally, the line with diamonds displays the wettability level after drying and cleaning the 
sample again (step 3). In most cases, this level was at the same level as before drying.  
 
All area of reach experiments resulted in an area effect with the same overall shape. Two 
parameters can be extracted from the experimental results: the depth of the dip in contact 
angle and the area of reach itself. The area of reach was defined before as the radial distance 
on a substrate where the plasma effect is just measurable. See also figure 14 for a schematic 
representation of these concepts. It was demonstrated earlier that the depth of the dip in 
contact angle depends on the energy absorption of the substrate. The extent of the 
hydrophilic region, however, seems to differ from substrate to substrate and is unrelated to 
the depth of the dip. A substrate that shows a small increase in wettability around the 
treatment spot can still have a very large area of reach. The reverse can also be true.  

 

 

Depth of dip 

Area of Reach 

Figure 14: Graphical representation of Area of Reach concepts 
 

In the table below, the area of reach of several materials is shown. It appears that the areas 
of reach of Perspex, polystyrene and stainless steel resemble each other closely and have a 
value of roughly 10.0 mm. Another value is attained for brass: 14.0 mm. In light of the fact, 
that only one measurement on brass was performed; it’s not clear whether this difference 
from the values on the other materials is significant. Future studies should focus on this topic. 
 

Table 4.4:  Area of reach of plasma needle on various substrates 

Substrate material Number of experiments 
(outliers removed) 

Averaged area of reach 
[mm] 

Perspex (PMMA) 12 10.5 
Polystyrene 6 9.9 
Stainless steel 4 10.5 
Brass 1 14.0 
 
 
4.1.3: Persistency of wettability change 
 
To determine if the wettability increase induced by the plasma needle was temporary or 
permanent, step 3 of the experimental procedure played an important role. Step 3 was carried 
out only on substrates of Perspex and polystyrene, hence no conclusions can be drawn in 
regard to brass and stainless steel. 
 
In this report, a wettability change will be called persistent if the contact angle on a specific 
location of the substrate after treatment, cleaning and drying of the sample differs more than 
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10% of the original value before plasma treatment. In other words, the contact angle 
difference between step 1 and 3 of the experimental procedure is under study. 
 
In the previous paragraph, it was mentioned that the wettability of Perspex returned to its 
original value after drying and cleaning of the sample. This phenomenon was observed in 
every instance where Perspex was used, up to an energy absorption level of 32 Joules. 
Hence, the plasma needle’s effect on Perspex was not persistent. Polystyrene, however, 
shows different behaviour. In the following table, a summary of the persistency experiments is 
given. 
 

Table 4.5: Persistency experiments on polystyrene 

Experiment Energy absorption 
[J] 

Contact angle in 
step 3 [°] 

Persistency 

1 4.50 90.4 No 
2 4.62 87.3 No 
3 11.42 37.7 Yes 
4 24.12 32.0 Yes 
5 34.02 40.7 Yes 
6 63.36 30.9 Yes 
7 140.88 28.8 Yes 
 
When examining these results, it should be remembered that the contact angle of polystyrene 
before plasma treatment is in the order of 90° (table 4.1) and after treatment below 20° (table 
4.2). In the first two experiments where low energy absorption occurred, the plasma treatment 
effect was not persistent. In experiments 3 thru 7, higher dissipated powers were used. The 
contact angle was examined 24 hours after treatment and cleaning. Interestingly, the 
wettability changes in these experiments were permanent. 
 
An attempt to explain the different behaviour of polystyrene and Perspex in regard to the 
persistency of wettability change and the mechanisms that drive these changes will be 
presented later. 
 
4.2: The influence of a plasma needle on bacterial adhesion 
 
4.2.1: Adhesion of Escherichia coli 
 
In the previous chapter, an experimental procedure was discussed to determine the influence 
of a plasma needle on the adhesion of Escherichia coli. In this paragraph, the results of the 
experiment will be discussed. 
 
To determine cell growth, the photometric absorption of E. coli at 650 nm was determined 
every half hour. In the two figures below, the results are presented. 
 
Let’s give a brief summary of the experimental procedure. Six series of wells were used: one 
blank row (treated with plasma, LB medium instead of bacteria), four sample rows (treated 
with plasma, bacteria), one negative control row (not treated, bacteria). The blank row 
showed no signs of bacterial infection in any experiments and is therefore omitted from the 
figures. 
 
Each data point in the figure is obtained by averaging the photometric absorption values over 
all wells in the row. Additionally, a least squares linear fit was added for each sample to make 
comparing of the results easier. The used plasma powers are mentioned in the legend of the 
figures. The datapoints and linear fit that are marked ‘Neg Ctrl’ correspond with the negative 
control data, e.g. the untreated wells. Remember that a larger photometric absorption 
corresponds with a larger amount of bacteria in a sample. When comparing changes in 
absorption, the biggest increase corresponds with the highest growth. 
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From figure 15, it follows that the growth of Escherichia coli is accelerated by the use of 
plasma. It appears that a relatively low-power plasma has the greatest effect on the growth 
rate. The linear fits of sample 3 and 4 are very close together and overlap in the figure. 
 

 
Figure 15: Growth curve of Escherichia coli  (Experiment 1) 

 
Figure 16 shows the results of the second experiment with E. coli. Also in this case, the 
photometric absorption values of the untreated negative control are significantly lower than 
those of the treated wells. Although other dissipated powers were realised than in experiment 
2, the same conclusion can be drawn here. Not only does the plasma discharge accelerate 
the growth of E. coli, there also seems to be an optimum value for dissipated powers: roughly 
100 mW. 
 
The same information is presented in bar diagrams in figures 17 and 18 and error estimates 
of the measurement data are given. 
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Figure 16: Growth curve of Escherichia coli (Experiment 2) 

 
Figure 17: Bar diagram of E. coli growth  (Experiment 1) 
Mean errors in results: sample 1 (0.005), sample 2 (0.004), 

sample 3 (0.007), sample 4 (0.005), negative control (0.007). 
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Figure 18: Bar diagram of E. coli growth (Experiment 2) 
Mean errors in results: sample 1 (0.006), sample 2 (0.008), 

sample 3 (0.006), sample 4 (0.011), negative control (0.009). 

 
 
4.2.2: Adhesion of Streptococcus mutans 
 
In the previous paragraph, it was demonstrated that the plasma needle created favourable 
conditions in the plasma-treated wells for Escherichia coli, which accelerated growth of the 
bacteria. A question, that remains, is whether this effect is identical for other types of bacteria. 
 
To answer this question, experiments were also performed with Streptococcus mutans as 
described in chapter 3. Unfortunately, photometric absorption changes were only observed up 
to 4 hours instead of the recommended 8 hours. Nevertheless, the measurement data 
showed a clear correlation between plasma treatment and bacterial growth. 
 
In figure 19, an overview of the results is given. As before, a bar diagram of the results (figure 
13) is also presented. From these graphs, it appears that the photometric absorption values of 
S. mutans in plasma-treated wells are significantly lower than those of the negative control. It 
can be concluded that in the case of S. mutans, plasma treatment hampers bacterial growth. 
High-powered plasma seems to have the strongest decelerating effect on the growth, 
however an optimum value is more difficult to discover in this case. Therefore, more research 
in this area is advisable. 
 
Remarkably, helium plasma treatment with the plasma needle has an enhancing effect on the 
growth of E. coli while it has the opposite effect on the growth of S. mutans. An attempt to 
explain this different behaviour will be presented later. It is obvious that these opposite results 
for different bacteria can be interesting for biomedical applications. 

 26 



 
Figure 19: Growth curve of Streptococcus mutans 

 
Figure 20: Bar diagram of S. mutans growth 

Mean errors in results: sample 1 (0.002), sample 2 (0.003), 
sample 3 (0.003), sample 4 (0.012), negative control (0.007). 
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4.3: The influence of a plasma needle on bacterial detachment 
 
The results of the last type of experiments, the influence of plasma on bacterial detachment, 
will be discussed below. 
 
Two similar experiments were performed using S. mutans. A number of problems occurred 
during the experiments that made results less reliable. 
 
First of all, most wells in which biofilms were cultured contained air bubbles inside the films. 
This is a problem in photometric absorption measurements, because the edges of these 
bubbles scatter light that is emitted by the measurement device in all directions. This has a 
significant influence on the measured absorption value. Therefore these values are not 
comparable with wells that lack these bubbles. This problem was partly remedied by 
eliminating most of the bubble-containing wells from further study. 
 
The second problem that presented itself was that the relatively thick biofilms had a 
deteriorating influence on plasma generation inside the wells. In some cases, the dissipated 
plasma power dropped considerably, even when the required power was increased steadily. 
In other cases, the plasma discharge simply extinguished. It might be possible to attribute 
these effects to: 
 

• a hampered gas flow inside the wells, because the biofilm reduces the volume inside 
the well where the helium can flow freely. The biofilm took up around 50% of the 
volume of the well. 
 

• biofilms might have a natural repulsive effect on the gas plasma just like conductors, 
i.e. brass or stainless steel, attract the plasma discharge and appear larger on 
conducting surfaces. This seems to be the least likely explanation. 

 
The last problem was that in these experiments the dissipated power fluctuated a great deal, 
mostly because of fluctuations in the reflected power. This can most likely be blamed on a 
temporary instability in the matching network. Because of this problem, it was hard to take 
power readings and correctly adjust the dissipated power value to the required setting. 
Because of this problem, some wells might have been exposed to other plasma conditions 
than were intended. 
 
In the light of the above-mentioned problems, the obtained measurement data is not very 
reliable. Because of the limited amount and low quality of the data, more research should be 
done on this topic to verify the conclusions presented in this paragraph. 
 
The treatment conditions were as follows: 
 

Table 4.6: Plasma treatment conditions of bacterial detachment experiments 

Experiment Energy absorption 
of Sample 1 (30 s) 

Energy absorption 
of Sample 2 (60 s) 

Energy absorption 
of Sample 3 (120 s) 

1 6.30 J 12.60 J 25.20 J 
2 0.51 J 0.24 J 3.12 J 
 
 
Sample rows 1 through 3 were treated for respectively 30, 60 and 120 seconds. As can be 
seen in the table above, experiments 1 and 2 have different energy absorption values. This 
can be attributed to the fact that the dissipated power varied greatly, as described above.  
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In the table below, the experimental results will be summarized: 
 

Table 4.7: Changes in photometric absorption caused by bacterial detachment 

Experiment Averaged 
change of 
absorption in 
Sample 1 [-] 

Averaged 
change of 
absorption in 
Sample 2 [-] 

Averaged 
change of 
absorption in 
Sample 3 [-] 

Averaged 
change of 
absorption in 
Neg Ctrl  [-] 

1 0.001 ± 0.060 0.008 ± 0.046 0.029 ± 0.079 0.006 ± 0.056 
2 -0.015 ± 0.068 0.032 ± 0.035 -0.003 ± 0.035 0.000 ± 0.020 
 
A positive sign for a change of absorption means an increase of the absorption value after 
treatment, while a negative sign indicates a decrease of absorption. One would expect that if 
plasma treatment detached bacteria, then negative changes in absorption should be visible 
under all treatment conditions. However these expected results are not obtained. 
 
It is difficult to formulate a conclusion from these results. First of all, there is no consistent 
change of absorption value across the experiments nor bigger decreasing in absorption for 
increasing treatment time. Additionally, the standard deviations of the measurement results 
are very large. Therefore, based on this quantitative data, no conclusions can be drawn in 
regard to detachment of S. mutans triggered by the plasma needle. 
 
The BPW solution, that was used to wash the treated wells, was also examined visually. 
During these observations no large-scale detachment of the biofilm or parts thereof could be 
detected. Further research is needed to get more reliable results and be able to draw 
conclusions in this matter. 
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Chapter 5: Discussion 
 
In this final chapter, a possible explanation of the basic mechanism that drives the plasma-
induced changes of surface properties will be given and some interesting observed 
phenomena will be discussed. The chapter will be concluded with an attempt to eludicate the 
different growth responses of S. mutans and E. coli to plasma-treated surfaces. 
 
Mechanism of plasma-induced change of surface properties: 
Although the basic functioning of gas plasmas is a subject that has been extensively covered 
in literature (treated in chapter 2), the same cannot be said about the plasma needle’s jet and 
the class of plasmas it belongs to, namely atmospheric pressure, non-thermal and non-
equilibrium discharges. In the section below, the main reactive particles of the plasma 
needle’s discharge will be presented. 
 
The plasma needle uses helium as driving gas. Helium is therefore the major constituent of 
the needle’s exhaust. Furthermore, the exhaust contains air, moisture and derived 
components, because the set-up is used in open air at ambient pressure. 
 
For any surface treatment, chemically reactive species, and especially short-lived radicals are 
of major importance. Radicals are abundant in the plasma needle’s discharge. According to 
Kieft et al. [12], the radical density in the plasma was estimated to be 1019 m-3. The following 
particles are expected to reside in the discharge: O•, O3, NO, NOx, H2O2, HO•, HOO• and 
ONOO–. The particles with a dot represent radicals. 
 
When the discharge of the plasma needle is directed at a substrate, the surface is bombarded 
not only by reactive particles, but also irradiated by UV. According to Boucher, as quoted by 
Moisan [6], the depth of UV photons is restricted to a one micrometer layer…In other words, 
the photon energy is rather restricted to thin layer surface modifications, such as changes in 
plastics wettability and bondability. This means that, apart from reactive particles, also UV 
might influence the substrates’ wettability. Recent experiments did reveal, however, that UV is 
not the major factor in this regard. 
 
Persistency of wettability change: 
Two ways of surface modification have been discovered in the experiments that were 
described in this report: a temporary and a permanent change of the surface’s wettability.  
The temporary effect was observed with Perspex, while the permanent change appeared for 
polystyrene substrates. The author believes that these changes can be explained from the 
differences in interactions between the discharge products and substrate’s microstructure. 
 
In the case of the temporary modification, it is likely that energetic and very reactive particles 
(e.g. O:, HO• and HOO•) break bonds such as the C-H, C-C and/or C=O bonds at the 
substrate’s upper atomic layers in Perspex (see figure below). This creates dangling bonds 
where the oxygen-containing particles, such as H2O and O2, can loosely adhere. Thus 
hydrophilic groups are formed and create a hydrophilic region on the substrate. When the 
modified surface comes into contact with another surface, for instance during cleaning of a 
substrate with cleaning paper, the adsorped molecules are swept away or absorbed by the 
cleaning paper. The dangling bonds recombine. The molecular structure of the substrate is 
thus changed only temporary. 
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Figure 21: Plasma-induced change of Perspex structure 

 
A permanent modification is attained in another way. In this case, the reactive particles 
chemically alter the substrate’s molecular structure permanently. In case of polystyrene, it can 
be cleavage of polymer chains or oxidation of benzene rings. The molecules that produce the 
hydrophilic behaviour become part of the substrate’s new structure. 
 

 
Figure 22: Plasma-induced change of polystyrene structure 

 31 



In both pictures, an excess of reactive particles is present. If the changed structure possesses 
free electrons, these are not expected to stay unbound for long. The structural changes that 
were presented in the pictures above are simply possibilities of surface reactions and do not 
present the final situation of the structure nor do they necessarily present a complete 
overview of all possibilities. 
 
Bacterial growth and adhesion: 
 
In chapter 4, it was shown that plasma treatment accelerates the growth of Escherichia coli 
on polystyrene, while it inhibits growth of Streptococcus mutans on the same material. 
In literature, similar results were obtained in the 1950’s by Barker and LaRocca [13]. 
They reported that polystyrene, which was exposed to a gas plasma discharge, supported the 
attachment and growth of cells to a glass surface. Since then, plasma treated polystyrene 
culture materials have been extensively used for cell culture. 
 
The author thinks the plasma-induced growth rate changes can be explained by an in-depth 
look at the bacteria’s properties and the surface modifications.  
 
According to Absolom et al. [14], untreated polystyrene has a low surface free energy  
(26 mJ/m2) and is moderately hydrophobic (contact angle roughly 90°). As was already 
mentioned in chapter 1, hydrophobic bacteria have the tendency to prefer hydrophobic 
surfaces while hydrophilic bacteria adhere best to hydrophilic surfaces. Absolom and  
co-workers noted in the same work that Escherichia coli has a relatively high surface free 
energy (68 mJ/m2). van Pelt et al. [15] examined the surface free energy of oral streptococci 
and noted that Streptococcus mutans  has a relatively high surface free energy  
(103 mJ/m2) and can therefore be considered hydrophilic too. 
 
From the experiments that were presented in this report, it is known that the plasma needle 
creates a localized and highly hydrophilic region on substrates. In light of this information, the 
increased growth of E. coli can be explained. Plasma treatment makes surface properties 
more agreeable for E. coli. Nevertheless, it cannot explain the growth inhibition of S. mutans.  
 
Our preliminary explanation for these results focuses on the response of bacteria to active 
oxygen species. The plasma needle’s discharge contains these species because of operation 
in humid, open air. Interactions with the substrate can result in higher oxygen content of the 
substrate, e.g. creation of peroxide or alcohol groups. It is known that E. coli is aerobic, while 
S. mutans is facultatively anaerobic and generally dislikes oxygen species. These properties 
could explain the different growth response to plasma treatment. 
 
To summarize: the needle’s discharge changes substrate wettability and thus influences the 
bacterial adhesion properties of the treated substrates. This modification of adhesion 
properties appears to influence the growth rate of the bacteria that were cultured on the 
treated substrates. According to Loosdrecht et al. [5], many experiments have been reported 
in which a direct influence of adhesion on microbial activity was suggested, although these 
phenomena could never been explained in a satisfactory manner. Therefore, this influence is 
most likely indirect. In the performed experiments, it seems unlikely that any other factors 
could have influenced the growth rate other than the deposition of reactive particles on the 
substrates and subsequent change of adherence properties. This is the reason why the 
author assumes bacterial adhesion in this case can be quantified by growth rate. 
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Conclusions 
 
In this report, the effects of a plasma needle on surface properties were determined through 
experiments and discussed in the previous sections. A number of conclusions can be drawn 
in this regard: 
 

• Surface modifications can be realised with a plasma needle. Treatment reduces a 
substrate’s contact angle and enhances its wettability. 
 

• There is a correlation between the contact angle reduction and substrate energy 
absorption, where increasing energy absorption leads to a greater reduction in 
contact angle. Experiments show that the maximum contact angle is bounded. The 
final value most likely depends on the particular material under treatment. 
 

• The area of reach of the helium plasma was determined to be in the order of 10 mm 
and was dependent on the material. Polystyrene showed the most localized effect 
whereas brass had the largest area of reach. 
 

• The wettability reduction was temporary for Perspex, while polystyrene could be 
turned moderately hydrophilic permanently. A possible explanation for this 
phenomenon was given. 
 

• It was shown that plasma treatment could accelerate the growth of Escherichia coli 
and inhibit the growth of Streptococcus mutans. This allows for interesting future uses 
of the plasma needle.  
 

• No treatment-induced biofilm detachment could be detected. Additional research is 
recommended to find out the capabilities of the plasma needle in this regard. 
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